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• ABSTRACT

Because of the generally immiscible nature of polymers,

multicomponent polymers or polymeric alloys often exhibit micro-

phase separation . The morphologies of these heterogeneous

materials are determined not only by the composition of the

system but also by the processing conditions. The resulting

microstructures exert a profound influence on the properties

of the polymeric alloys. The purpose of this review is to

discuss the more recent advances in the investigation of the

relation between the structure of the polymeric alloys and

their properties. An understanding of this relationship would

be important in being able to “tailor make” better niaterials

and exploit the unique properties of these materials for engi-

neering applications.
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SCOPE

There has recently been a great deal of interest in

the studies of the structure and properties of multicomponent

polymers or polymeric alloys. These materials are formed by

combining two or more polymers by various methods such as

mechanical blending, solution casting or direct chemical

• synthesis. The resulting polymeric systems often exhibit

properties that are superior to any of the component polymers

alone. For example , high impact resistant plastics or thermo-

plastic elastomers can be made by these techniques.

Because of the generally positive free energy of mixing ,

polymers are usually incompatible with each other. Many of

the advantages of such multicomponent polymers are in fact

direct results of this iticompatible nature. By varying the

• processing conditions, different structures can be obtained

in these materials. Recent advances in such techniques as

electron microscopy , small angle x-ray scattering etc. now

enable us to determine their morphologies. In a number of

• instances such morphologies bear qualitative resemblance to

those in metallic alloys.

• Since in metallic alloys new and improved materials are

obtained by combining various metals , the analogy here is

clear to polymeric alloys. The purpose of this review is to

• relate the structure and property information now available

for the latter materials in the solid state. We begin with an

examination of the thermodynamic arguments which explains the

basic reasons why that polymers generally are incompatible with

each other , and under what constraints compatible polymeric

• •~~ —~~~~ • •-~~ • ——• ~~~~~•_~~~~s •-~~-•—- --~~~~~~~~
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alloys can in fact be obtained. Next we show some examples

of electron micrographs for a series of polymeric alloys.

The effects of varying the composition and solvent power on

the morphologies are illustrated. Of particular interest is

the ability of polymeric alloys to form a regular lattice

structure , known as macrolattice, which resembles in appearance

the metallic alloys though in a much larger size range. Statis-

tical mechanical theories interpretating the observed morphologies

are then briefly discussed.

Because of the heterogeneous nature of most polymeric

alloys, their physical properties can sometimes be treated as

microcomposites. It is shown that in fact some of the theories

dealing with the elasticities of composite materials are applicable

to polymeric alloys. The mechanical deformation behavior is

then scrutinized in the light of the structural information .

A unique “strain—induced plastic—rubber transition” is found to

exist in heterogeneous polymeric alloys. Finally , the visco—

• elastic properties of both homogeneous and heterogeneous

polymeric alloys are discussed. The morphology is again shown

to exert a profound influence on the observed properties.
I. ’

CONCLUSIONS AND SIGNIFICANCE

From a technological point of view, new and useful

polymeric materials can be obtained by judiciously combining

various existing polymers. From the scientific point of view ,

on the other hand , the correlation of structure and properties

of the resulting polymeric alloys poses an interesting and
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challenging research problem. The generally incompatible

nature of polymers is turned into an advantage if proper care

is taken in preparing and processing the polymeric alloys.

In fact if molecular mixing takes place , then the polymeric

alloy is compatible and there will be no observable morpho-

logical features. On the other hand , improper blends will

show macroscopic separation and the material will delaminate .

The key is to produce microheterogerteous polymeric alloys , so

that each component polymer can still retain most of its

individual properties while contributes in a synergestic way

to provide new macroscopic properties for the material as a whole.

Thus , an increased basic understanding of the structure—property

relationship will be of paramount importance in tailor-making

desirable polymeric alloys for various engineering applications.

INTRODUCTION

During the past several decades, thousands of new

polymers have been synthesized by highly sophiscated techniques.

Many of the new polymers possess some very novel properties.

However , it has been estimated that only 1 or 2% of all of these

polymers ever find commercial use. In fact , among the nearly

• 30 billion pounds of synthetis rubbers and plastic produced

annually in the United States, about 80% is based on a few

polymers such a polyethylene, polystyrene , polybutadiene , etc.

New m d  novel polymers will always be needed for specialized

applications, but for large—scale usage, it is clearly more

desirable to find a “winning combination” of existing commercial
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polymers to improve performance. For this reason there is

now considerable interest in the study of multicomponent

polymer systems, or polymeric alloys .3~~~
9

In order to arrive at a rational definition of polymeric 
4

• alloys, we show in Table 1 a classification scheme of polymers

based on their chain constitution. We define polymeric alloys

as multicomponent polymer systems in which the components

exists on a polymeric level. Thus block copolymers, graft

copolymers and polyblends form the general class of polymeric

alloys. Random and alternating copolymers are excluded from

this class because their different components exist on a mono-

meric level. Blends of homopolymers , random and • alternating

copolymers with each other or with block or graft copolymers

are, of course, considered polymeric alloys. Sometimes a more

restrictive definition of polymeric alloys is used in the lite-

rature which limits these materials to polyblends only. An

even more restrictive definition applies to polyblends in which

• both components are rigid. However , in this paper we prefer

the more general definition enunciated above. An interesting

quantitative classification scheme of multicomponent polymerr systems has been proposed recently by Sperling using group

theory concepts.12

There are a number of ways in which polyblends can be

prepared. The simplest method is to physically blend together

two or more homopolytners, or between homopolyiners and random

or alternating copolymers. However, as shall presently see ,

most polymeric pairs are incompatible. Block and graft
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copolymers are often considered compatibilizing agents to

prevent macroscopic phase separation or stratification .

Technologically the most important technique is mechanical

blending. Most often the major component is a plastic and

the minor one a rubber , although quite frequently blends of

elastomers are used fcr rubbery materials. Latex blends are

formed by coagulation of a mixture of two or more latex

polymers. Finally a convenient method is to dissolve the

polymer components in a mutual solvent, and followed by

evaporation of the solvent.

All of the above techniques are primarily physical

blending of the polymeric components. No chemical reactions

are required. The second type of the technique of blending

is chemical in nature. In the case of the formation of inter-

penetrating networks (IPN), a monomer can be imbibed into an

existing crosslinked polymer and subsequently polymerized .

Alternatively, latexes of linear polymers can be mixed as in

latex blends. Now crosslinking agents can be added , so that

• after coagulation the two polymer networks can be formed by

curing in situ. In both instances two crosslinked polymer

networks are superposed over , or interpenetrating into each

other , hence the name of interpenetrating networks. Another

chemical method of forming polyblends is the inverse of IPN

formation , namely the solution grafting technique. In this

case an existing linear polymer is dissolved in a second

monomer , and the latter is subsequently polymerized . This

techn ique is commonly used in the preparation of high impact

polystyrene (HIPS).
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Most polyblends are microscopically heterogeneous but

• are macroscopically homogeneous. In other words their structure

and composition remain relatively invariant from one part of

the sample to another. However, it is possible to make

polyblends whose structure and composition are nonuniform

throughout the sample, but change as a function of position

(gradient) in the sample in a prescribed manner. These materials

are called gradient polymers.19 The most extreme example of

such a material is a two-layer laminate , which has a sharp

two—step gradient. However, the profile of the gradient can

be made to be linear, parabolic or sigmoidal. Both chemical

and physical methods can be employed to prepare such gradient

polymers. In a way all conventional polyblends are special

cases of gradient polymers in the sense that the gradient is

a flat one. However , as’we shall later see , nonflat gradients

produce some rather unusual properties in the polyblends.

Because of their technological importance , the study of

polymeric alloys has recently been an active area of research

in polymer science. In this paper , we shall present first

the interesting morphological features of the polymeric alloys ,

then the properties of these materials will be discussed in the

light of their known structures.

Because of the large body of literature available on this

subject, the treatment must therefore necessarily be illustrative

rather than exhaustive. Thus our discussions will be restricted

to polymeric alloys in the solid state rather than in the molten

or solution state. Furthermore , since much of the interest has
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been cen tered on the studies of block and graft copolymers

(particularly the former), we shall choose most of the examples

from the current works on these materials. it is to be hoped ,

however , that these restrictions would in fact serve to faci-

litate a fundamental understanding of polymeric alloys. For

further treatments readers are referred to the cited mono-

graphs,~~
5 symposia proceedings 6-14 and review articles 15-19

on this subject.

POLYMER COMPATIBILITY

The thermodynamic condition for the mixing of two or

more systems is that the free energy of mixing must be negative :

AG = AH - TA S (1)

Where AiIm and ASm are the enthalpy and entropy of mixing

respectively. Unlike in the case of small molecules , the

entropy decreases accompanying the mixing of long chain polymer

molecules are generally very small. Since are often

L positive , it is therefore not surprising that most polymeric

pairs do not mix. In fact it has been shown that only under

rather exceptional circumstances do we obtain compatible

polymer mixturesJ5’18

The thermodynamic theory for the mixing of polymers has

been developed long time ago by Scott 20 and by Tompa 21, using

the classical Flory-Huggins theory.22 According to this 
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• theory, the Gibbs free energy of mixing for two polymers

is given by

V
AG = RT (V/Vr) (~~~— ln VA + — in VB + XABVAVB) (2)

• where v is the volume of the mixture , Vr is the molar volume

of the polymer segment which is considered the reference

volume , V’s are the volume fractions of polymers A and B, x ’s

are the degrees of polymerization and XAB is the Flory-Hugg ins

interaction parameter for the two polymers. On the basis of

eq. 2, the phase diagram for the polymer mixture can be

constructed . The spinodal curves, which are boundaries between

metastable and unstable compositions , are calculable by setting

the second derivative of AG to zero:

AG
• 

2
m (3)

and can be written as:

( XAB)Sp = 
[2x A V~~ SP 

+ xB(VB)sp ] (4 )

The binodal curves (boundaries between stable and metastable

compositions) are computed by equating the chemical potential

of each polymer in the two phases. The resulting equations ,

however , are rather awkward for actual computations. In

general the theory of Scott and Tompa are in good qualitative

agreement with experimental data. In specific instances ,

A
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qualitative agreement was obtained.

During the last decade , more sophisticated theories

23of polymers solutions have been developed by Prigogine ,

Flory 24 and their co-workers. Reasonably accurate calculations

of the non-combinatorial contributions to the thermodynamic

properties , namely the residual functions, have been success—

fully derived. On the basis of these functions the residual

Gibbs free energy of mixing of two polymers can be calculated ,

which was shown to be strongly positive.25 More recently,

McMaster 26 used the equation state of Flory in carrying out

• computations to predict the spinodal and binodal curves for

• polymer mixtures. Figure 1 is a schematic phase diagram of

a binary polymer mixture showing a lower critical solution

temperature (LCST). Phase diagrams for mixtures with upper

critical solution temperature (UCST) also exist. However ,

McMaster was able to show from his theory that UCST is less

common , in agreement with experimental observations. At small

values of the polymer-polymer interaction parameter (X AB)

• simultaneous LCST and UCST may exist. They will merge with

increasingly positive value of the interaction parameter. On

the other hand , a negative XAB will indicate increasing mutual

solubility . Figure 1 emphasizes the fact that a polymer pair

may be incompatible at one temperature , but compatible at another

temperature. Furthermore , they may be compatible in a certain

composition range, but not in other ranges depending on the

shape of the phase diagram.

If the polymer pairs are covalently bonded as in block

or graft copolymers , then the thermodynamics of phase separation

• - - •

~

-•- • •

~
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• must be modified. Krause 27 has used the Flory-Huggins model

to write the free energy change for the microphase separation

of monodisperse block copolymers. By setting the free energy

expression to zero , the critical values of the interaction

• parameter can be evaluated :

zV
( X AB) cr = ( z -2)  VAnAVB [- in (‘~ A VB B)

+ 2 (m—l) ASd/R 
— in (m—l) (5)

where z is the coordination number , and m is the number of blocks

in the copolymers. ASd is the disorientation entropy which is

lost because of the requirement that the junction between the A

and B blocks must be located on the surface of the two phases.

The theory predicts that the microphase separation becomes more

difficult with increasing m. Comparison of eq. 5 with the

critical XAB evaluated from eq. 4 indicates that for the

same two polymers with the same molecular weights , the phase

separation will occur more readily in simple polymer mixtures

than in block copolyxners.

The general incompatibility of polymers would prevent

the preparation of useful polyblends if the phase separation

(stratification) is macroscopic in scale. However , the same

feature of incompatibility can be turned into an advantage if

the phase separation can be reduced to microscopic in scale.

In the case of block and graft copolymers the phase separation

is necessarily microscopic (microphase separation) due to the

delimiting sizes of the polymer chains. The addition of the
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block or graft copolynier to blends has a compatibilizing

effect if the block or graft components correspond to the

polymers used in the blend . To wit , the incorporation of

poiy (styrene—g—butadiene) permits the blending of up to

40% polybutadiene (PB) with polystyrene (PS). Only 10% of PB

can be blended with PS without the presence of the graft

• copolymer. The latter thus acts as an emulsifier to render

the components in the blend compatible.28

The simplest way to detect phase separation in

polymeric alloys is the determination of the transition

temperatures by such techniques as dynamic mechanical measure-

ments. Figure 2 illustrates the mechanical damping curves for

two copolymers of butadiene and styrene of nearly the same

chemical composition .29 In the case of the random copolymer ,

the damping curve exhibits a single maximum characteristic of

the glass transition temperature of the random copolymer.

However , in the case of the block copolyxner , two damping maxima

are evident. The low temperature peak at —80°C is the glass

• transition of polybutadiene block in the block copolymer . while

the high temperature peak at 100°C is the glass transition of

the polystyrene block. The existence of multiple damping

maxima is characteristic of heterogeneous polymeric alloys , be

• it block copolymer, graft copolymer or polyblend .

Figure 2 also illustrates a classical case in the principle

underlying the utility of microheterogeneous polymeric alloys.

it is obvious that in the normal range of service temperature
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(say 0°C-40°C), the polymeric alloy of styrene and butadiene

possess both the characteristics of a rubber and a g lass

(plastic). Thus a PS sample containing a small amount of

PB (about 5 - 10%) is a plastic that has high impact resistance

because of the presence of rubbery phase. On the other hand ,

the block copolymer of styrene—butadiene-styrene (SBS) is a

thermoplastic elastomer when the styrene content is kept to

around 30%. The presence of styrene phase acts as both fillers

and quasi-crosslinks so that no chemical curing is required .

At the meantime rubbery articles can be fabricated by conven-

tional processing techniques such as extrusion and molding

normally used in the plastics industry .

The use of the glass transition temperatures as a probe

in determining phase separation is, however , not always as

unambiguous as Figure 2 might suggest. For example , MacKnight ,

et.a.30 have found that there are two glass transition tem-

• 
• peratures for the polyblend of polystyrene and poly(2 ,6-dimethyl-

1, 4—phenylene oxide) by dynamic mechanical measurements. The

same mixtures, however , exhibit only one T if differentialg

calorimetry was used in the determination. Another criterion

of compatibility is transparency of the mixture in bulk. However ,

if both polymers have the same refractive index , incompatible

polymers would also be transparent. Therefore one must excercise

• caution in defining the compatibility of polymers.

STRUCTURE

Because of the generally incompatible nature of polymers ,

polymeric alloys often show microphase separation with various
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morphological features. The most frequently used techniques

for these observations are electron microscopy 31-40 and small
• angle x—ray scattering.41 43 Since organic polymers all

contain carbon atoms, the application of transmission electron

microscopy requires the selective introduction of certain atoms

for observation.31 These staining agents, such as osmium

• tetr aoxide or bromine, are believed to react with double bonds.

• Because of the greater cross section to the electron beam provided

by these heavy atoms, the necessary contrast is obtained in

polymeric alloys in which one of components contain double bonds.

Example of the electronphotomicrographs of appropriately stained

polymeric alloys will be shown in this section.

Amorphous Polymeric Alloys

For a given two component system, there are five funda-

mental domain structures.44’45 These are schematically illus-

trated in Figure 3 as a function of relative concentrations of

the two components. Lamellar structures are favored by compo-

sitions with approximately equal proportions of the components.

The spherical and cylindrical morphologies will undergo phase
V

inversion , depending on the relative abundance of one component

and the other. An example of these structures is given by the

diblock copolymers of isoprene and styrene cast from toluene 36

shown in Figure 4. The dark regions in the electron photo-

micrograph represent the polyisoprene (PIP) phase which was

selectively stained by 0s04. The domain structure of the 20/80

styrene-isoprene block copolymer (Figure 4a) may be characterized

as tiny spheres of polystyrene (PS) blocks dispersed in a matrix

of polyisoprene. Those of the 40/60 and 50/50 compositions
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(Figure 4b and 4c) appear as alternating stipes which would

really be lamellar in three dimensions. For the 40/60 block

copolymer, we now have the cylindrical domains of the isoprene

• component in PS matrix (Figure 4d). The dark dots represents

the ends of the cylindrical rods. In Figure 4e is shown an

ultrathin section cut in a different lateral direction of the

same (40/60) sample , in which the stripes represent the long

direction of the cylinders. Finally in Figure 4f is shown the

domain structure of a 70/30 block copolymer , which now has the

dark (REP) spheres embedded in a light (PS) matrix. Comparison

with Figure 4a verifies the phase inversion phenomenon illustrated

in Figure 3.

The morphology of the block copolymer can also be changed

by changing the casting solvent while keeping the composition

of the block copolymer fixed. Figure 5 illustrates the effect

of various solvents on the morphology of a 40/60 styrene/isoprene

diblock copolymer.36 The doma3.n structure of the sample cast

from toluene shows an alternating lame liar arrangement (Figure 5a).

That from methyl ethyl ketone (Figure Sb) exhibits considerable

‘1 interconnections between the styrene (light) domains. On the

other hand , those cast from cyclohexane (Figure 5c), carbon

tetrachloride (Figure Sd) , n-hexane (Figure 5e) and n-heptane

(Figure 5f) all can be classified as PS domains dispersed in

P1 matrix.

The effect of the solvent on the morphology of block

copolymers may be attributed to the solvation power of the

- 
solvents for the respective blocks in the copolymer. Toluene 

-

_ _ _ _
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is a good solvent for both blocks , therefore the lamellar

structure is observed as predicted by consideration of the

composition alone (Figure 3). Methy l ethyl ketone is a good

solvent for polystyrene but a poor one for P1 , the morphology

may thus be regarded as a mixed structure of lamellae and

dispersed (P1) cylinders in PS matrix. Cyclohexane is just the

reverse in solvent power in comparison with methyl ethyl ketone ,

so the mixed morphology of lamellar and dispersed polystyrene

cylinders in P1 matrix is observed. Carbon tetrachloride ,

n—hexane and n—heptane are increasingly poor solvents for PS,

so the dispersed PS domains become increasingly irregular and

smaller. In fact the n—hexane and n—heptane solutions are

cloudy , and should be regarded as pseudo-solutions or colloidal

suspensions in which the precipitated PS chains are kept in

suspension by the solvated block segments of P1.36

It should be pointed out that the different domain

structures obtained by casting from different solvents are not

- • 
necessarily equilibrated ones, but apparent ones due to inter—

actions between A and B segments and the solvent. Indeed , for

a given composition , there should be only one thermodynamically

stable morphology . The apparent non-equilibrated domain struc-

tures can be readily changed to the equilibrated ones by proper

thermal annealing.

The progressive change in morphology with changing compo-

sitions as illustrated in Figure 3 can also be achieved by

adding homopolymers A or B to the block copolymer.41 ’43 5°

The added homopolymer is solubilized into the corresponding

~ 

-~~ -• - -•- • - • - •  - • - -
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domains in the block copolymer by the emulsifying action of

the latter. An important parameter in such blends is the

molecular weight. The emulsifying action is only possible if

the molecular weight of the added homopolymer is equal to or less

than that of the corresponding block in the copolymer. This can

be predicted by the thermodynamic theory of Krause 27 discussed

earlier. As in illustration , we show in Figure 6a the electron

photomicrograph 48,50 of a triblock copolymer of styrene-butadiene-

styrene (SBS) cast from a mixed solvent of tetrahydrofuran/methyl

ethyl ketone. Figure 6b shows that the incorporation of a low

molecular weight polystyrene (PS) in the block copolymer enlarged

the PS domains (light regions). However , if the added PS has

a molecular weight that is greater than that in SBS , separate

domains of pure PS are formed 50 (Figure 6c). Now if we add

polybutadiene homopolymer (PB) to the system , the same type of

observations can be made.48 By using low molecular weight PB,

the basic morphology of the system is preserved . On the other

hand , if the molecular weight of the PB is high , we again find

the formation of separate domains (Figure 6d). Of course in

• this instance these are the dark PB domains , rather than the

light PS domains seen in Figure 6c.

Although the essential morphologies of spheres, lamellae

and cylinders shown in Figure 3 are well illustrated by the

electron photomicrographs in Figures 4-6 , these features are

not as regular as Figure 3 might suggest. However , it is

possible to observe long range order in block copolymers under

appropriate conditions of specimen preparation , such as melt
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extrusion , thermal annealing or slow rate of casting . The

existence of such long range of order was first suggested by

the electron photomicrograph of Fisher.51 These are now well

documented for a number of block and graft polymers by numerous

workers. 52 59 A review of this topic has recently been pub-

lished.6° An example for a styrene-butadine block copolymer

containing 68% styrene 52 is shown in Figure 7. The nearly

perfect long range order extends over a rather large area of

the specimen. In some samples imperfections in the long range

order may appear as “grain boundaries” normally observed in

metallic systems. These electron photomicroscopic studies are

supported by evidence from small angle x-ray scattering (SAXS)

as well as optical light scattering. McIntyre and Compoz-Lopez

showed on the basis of SAXS results that an SBS triblock copolymer

of molecular weights 21,100/63 ,400/21,100 can be assigned to an

orthorhombic macrolattice of unit cell dimensions 676/676/566 A

with spherical PS domains 356 A in diameter.

Statistical Thermodynamics of Domain Formation

As we have already discussed in a previous section , the

free energy of mixing for two homopolymers is positive for most

polymer pairs. As a consequence , it is thermodynamically favor-

able for such mixtures to show macrophase separation . For the

block and graft copolymers, on the other hand , different kinds

of incompatible polymers are covalently linked to each other.

This restriction prevents the demixing process of the copolymers

• to lead to macroscopic phase separation. The system must remain

at a certain positive though minimum free energy level to show

p
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microphase separation . The free energy level is determined by

a balance between the enthalpy and energy terms consistent with

the equilibrium morphology of the system.

The basic driving force of the phase separation may be

ascribed to the reduction in the positive surface free energy

of the system by the increase of the domain size. For block

and graft copolyrners , this domain size increase will give rise

• • to a decrease in the volume fraction of interfacial region in

which the juction points of the copolymers must be distributed.

In addition , configurations of the sub-chains must change in

order to even up the density deficiency in the interior of the

domains.

A number of statistical thermodynamic theories for the

domains formation in block and graft copolymers have been

formulated on the basis of this idea , but differing in de-

tails.6~~
68 Figure 8 and 9 show the schematic diagrams of the

domain formation for block and graft copolyrners respectively .

The most pioneering work was done by Meier.61 In his original

work, however , he assumed that the boundary between the two

phases is sharp. Leary and Williams62 were the first to recog-

nize that the interphase must be diffuse and has a finite thick-

ness. These authors calculated the Gibbs free energy of demixing

• by separately estimating the enthalpic and entropic contributions .

The enthalpy of demixing was based on the regular solution theory .

For a triblock copolymer (ABA), it reads

AIIm = _ V
mVAVB

(IS
A
_(S
B)

2 
+ fv V ’AV’

~~
(6A 

- (6) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~• • - - - •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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In eq. 6, the first term is the enthalpy of complete demixing

of the polymers, while the second term is a correction term

that takes into account of the presence of the mixed interphase

region. 5A and are solubility parameters of A and B blocks.

• V is the molar volume of the mixture , and VA and VB are the

respective volume fractions. V’AV’B is the volume averaged

product of A and B fractions in the mixed region , and f is the

overall volume fraction of the mixed region. Values of f are

calculated from the overall composition of the block copolymer ,

and depends on the geometry of the domain (spheres , cylinders

or lamellar). The entropic term consists of three contributions:

AS = AS1 + LiSA + ASB (7)

is the entropy change resulting from the requirement that

one of the junctions of the A-B blocks must be placed in the

mixed region (F:gure 10). LiSA is associated with the stipulation

that one end of the A-chain must be in the mixed region and the

other in the A-region ; while ASB is due to the fact that both

ends of the B-chain in the triblock copolymer must be in the

mixed region. By minimizing the free energy obtained from

these respective contributions, Leary and Williams were able to

predict the favored morphology for triblock copolymers. In

addition , based on this model these authors also suggested the

existence of a “separation temperature” , T5, at which the micro-

phase separated system and a homogeneous mixed system of A and B

would be equilibrium . T5 is obtained by setting the free energy

IL
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of the block copolymer to zero, thus it is just the ratio of

the entahipy to entropy . The prediction seems to be consistent

69 ,70with some of the experimental findings.

The more recent papers by Helfand 67,68 used very elegant

mean field approach to ingomogeneous systems. His predictions

of domain sizes as a funct ion of molecular weight agree well

with the data of Douy , et.al.71 The calculated interfacial

thicknesses also compare favorably with recent SAXS results by

Hashimoto , et.al.
43’72 Kawai and coworkers 64 treated the

problem from the point of view of micelle formation . As the

solvent evaporates , a cr i t ical  micelle concentra tion is reached ,

at which the domains are formed and are assumed not to change

upon further drying. Minimum free energies for an AB-type block

copolymer were computed this way , the results are shown in

Figure 11. It can be seen here that at low weight fractions of

A (below V
1), the spherical morpholocy has the lowest free

energy and is favored. Between V
1 and V2, rods or cyl inders  are

expected to form . As V
1 becomes greater than V2 (nearly equimolar)

then the lainellar morphology is the equilibrium structure . These

predictions are consistent wi th  the schematic diagrams of domain

morpholog ies g iven in Figure 3.

Semicrystalline Polymeric Alloys .

So far we have discussed only the morphologies of polymeric

alloys in which both components are amorphous. Here the dominant

factor in determining the morphology is the free energy of mixing

of the components. When one of these conponents is crystallizable ,

then the crystallization of this component will also play a role
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in determ ining the mor phology of the sys tem . 73 81 As an

example , we show in Figure 12 the cross—polarized photomicro-

graphs of benzene—cast specimens of poly (ethylene oxide) , or

PEO , and triblock copolymers of ethylene oxide-isoprene-ethylene

oxide (EO/IP/EO ) of va r ious  composit ions. 79 For the pure PEO ,

which is crystalline , the well—formed spher-clitus are clearly

• seen in Figure 12a. With increasing fraction of the amorphous

polyisoprene (PIP) components , the texture with neoative hire—

fringence becomes less perfect , leading to more blurred Ma1te~ c-

c :oss patterns. Since the suhorulites impinge up5 •n each other ,

the implicatio:-t is that most of the block segments must be

located within the spherulites.

The f i n e  structure of th~ same block copo lymers can be

elucidated by transmission electron microscopy.79 The micro—

graph  for  the block copolyn er  Co nt a i n in c l  75% eth y lene  oxide

( F iqu r e  13a) shows dark  spher ical  domains ol ap p r o x in a te l y 0 .1  ~m

in c*dmeter  are dispersed in the lig ht  ma t r i> : . The d a ik  rc~:ions

are the poly isoprene domains  stained by 0s0 4 ,  w h i l e  the l ig ht

do~r a i n s  Lelong to the c ry s t a l l i ne, u n s t ain e d  PLO . The t e x t u r e

of ~he PLO inaLr ix  is seen to be sphc rul it i c  in the shadowed

specimen (F igure  l3b) . As the f r a c t i o n  of PIP increases , the

sphericaii  dark domains become more in terconnected, r e s u l t i n g

in the s t r u c t u r e  of c y l i n d e r -l i k e  PIP domains  d ispersed in

sp h er uli t i c  PEO m a t r i x  (Fi gure l O c) .  W i t h  f u r t h e r  increase of

the PIP tr a c t i o n  (4 8 % )  , the dark  phase becomes con t inuous

(F igu re  d ) .  However , the PEO phase is s t i l l  s p h e r u l i t i c, as

seen in Figure l3d , thoug h somewhat diso rdered.  Fi na l l y , in
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in Figures  13e ( 8 6 %  P I P )  and l3f (9 1% P i P )  , a h u s e  i n v e r s i o n

occurs  at ver~ hi gh PIP c on ten t .  Spher ical  PLO domains  }l~i - : iny
0

average diameter of approximately 400 A are d i~~ -r nLd in ~~iic

PIP matrix. Wide ang le x-ray diffraction studies sIio~-~ that.

these PEO domains ~c still crystalline.

A iypothetical molecular structure of crystalline blocP

copolymer is shown in Figurc 14. Here it is demonstrated

that the individual crystallites of the c r y n L - ~~ ~izjb1e com enent

can form sp h cru 1it e~; as in OL-mot-alymers , the amorphous ~~nnq c ~c : it s

aic rejectei out of the crystallites and reside in the inter-

crysta11~~nu phase .  This structure is seen to be composed of the

f o ld e d — ch a i n  c r y s t a l s .  ~n a l t e r n a t i v e  model t cnr su qniented block

copolymers consistinJ of the fringod—iniceile cryntalline regions

has been propL ned be Wilhcs. 80

The na ture  of the c a sr i n g  solvent  also p 1 ays  an i m p o r t a n t

role in de termininq the molTpr io l ogy  of s e m i c r y st a l l in e  p o lyn er i c

a l loys .  For EO/IP/EO syst ems , the same pol yme r cast  fr o m  e t h y l

- 79benzene w i L l  give sing le c r y st a i— l ik e  t e n tu r e .  in ~~.1L C~~~~ SC

of a segmented cnpr iye s~ er consisting of :-el y (tctramethy iene

et h e r  g i~~cn ]  t u r e~~h t h i 1 a t e )  ( I ~ r~~~dT~ and se 1011(03  of Loti a—

-~~~ methy1o~ c tercpbthalate ( 4 Gr I l ) , cas ring from 1 ,1 , ~—trichlo o—

ot hon e  results in a suhorulitic structure , w h i l e  th e same no l veor

• 7/cast f rom t eL r~i c n 1 - r e et han e  does no t .

The sizes of the sn ’iorulttes in block copolvmcrs appear

4 to depend on the content of the ci ’stnllizabl e scuments. The

replica electron microqraphs for the copo~ \-cste r ol

nd 4CT arc shown in Fi l u l 0 1’ . An Llit- 4~~~I co iO I t  i n  I
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from 54 to 81 wt % , the spherulites s izes  inc rease  f r om  about

1 ~m to near ly  10 L~m .  The t rend is c o n f i r me d  b y light scatLcrin~

experiments on the same samples. Sim ilar observations h av e  also

been made in other system s.8°

PROP E RT I ES

Elas t i c  Moduli

Since most of the polymeric alloys are heterc eneous in

nature , they may be considered as a class ot composite materials.

However , the disoersed phase in -the polymeric alleys are micros-

copic in dimensions , in contradistinctian to ordinary ” c om p os it e

materials such as fiberglass in which the dispersed tibers are

macroscopic in dimension . Nevertheless a number ot cxistinq

theories for the elasticity of composites can be apolied to

polymeric alloys , with noi able success.

Among the first who t :-e a t e d  t h  elastic moduli as composites

~ -r~ Tokayanag i 
82 and Kawai 83 and their coworkers. Figure l6a

in.icates that a given composite (right hand side) may be repre-

sented by an equivalent model ( l e f t  hand s ide)  d o p er n i i n q  on the

cie~~ree of m i x i n g  (~ ) of the di spernonis and the c n ~pns~ tion

of the dispcrseids arid matrix. Pci-feet adh~~- ion i~ Lw~-e n the

phases is assured. When the equivalent model is s t r e tch e d , t h e

resultino stress may be borne by the matrix a l o n e  or by both

t he  m a t r i x  and t h e  d ispersed phases .  The r n o eu l u s  of t h e  e~~u i v a  J u t

model can be c a l c u l a t e d  h y two possible m e c ha ni c a l  models .  They

ire  the ( I )  Series P h i  t u d  ( I I )  P ar a l l e l  Model , sh own i n

F igu r e  16b. For th e  ~-~~ i ion ~~ 
- , JR m o d u l u s  r~i (dyn in~ c Or
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• 4 transient, shear , tensile or bulk) of th~ composite is

- ]
M + 

(1-1)1 (i-~~) M (8)-
- [M M J i l l

d rn

• 
~ and for the Parallel Model , it becomes

r — • ‘
M = ~~~~~~~ + 

(1 (9)
A Md + (1—A ’) TM

m 1
~
1
r ~

~ Lere subscr ipts  d and ni r e fe r  to d ispersed ~~~~~id  :-ot~ i>: 1ia~~os

respec t ive ly ,  V ’ s are t h e  volume fractions o~ the i~~~Q phases ,

and A~ = Vd. The u n pr  due l A and ~ r e f e r  t a -  the S r ies  M o d e l

whi le  the pr imed ones to P a r a l l e l  M o d e l .  The two mood s i r e

in f a c t  equ iva len t , as shown by D ick i e  and  liv Kap lan a f l O

Tschoegl 86 , if - \ ‘  = 1 — — 

~ . Eqs.  8 and  9 h ay c  been

employed by a number  of a’~tiiors 81—88 to coi e-ar e ei thi ex p e r i -

m e n t a l l y  determined e las t ic  modu l i  of po iyblends and block

copolemers. However , because of the esse nti al cu~~i v i l en ci  of

t ho s e  two models , the i n t e r p r e t a t i o n  of t he i r  p-h ys~~cal s i o n i f —

icance U- • come s d i t  t icu l  t

A t he o r y  f o r  i coni es it e  i n  wh ~cli  ~ p h c i  i cal diS~ c~~soi ~n

are embedded i n  a m a t r i x  has been developed Jay K e r n e r  for
• d O

the rhear nod-ill and bulk r i o d u li .  La ter  C h r i s ten s e n

:~ also der ived  the complex n i c ou l a  t o r  the S i n e m o d e l .  Th c i r  f in a a

ro sul  ts  are  i d e n t i ca l  and can be r e p r es en t e d  by

(1—V ) ~~i + ( V ) ~= • ±~~~~~~ _ fL tL~~ (10)
M ( 1+ tV

d ) ~~ 
I - - (l—V ~~) ~~
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where v is the Poisson ratio of the matrix arid

• = 2 ( 4 - 5 ~~~~ / ( 7 -5 V ) ( 11)

In arriving at eq. 10 , t h e  following assumptions were n u b :

(1) I nt e r — p a r t i c l e  i nt e r a c t i o n s  are n e g l ig i b l e ;

( 2 )  M at r i x — d i s per s o i d  adhes ion  is p e r f e c t ;

( 3 )  The Poisson ’ s ra t io  is a rea l  c o n s tan t ;

(4) There is a random distribution of disnersolu; and

( 5 )  Pr o p e r t i es  ol the c o n s t i t u e n t  P hases  are  th e  sine

as their properties in bulk.

Assumptions 1 and 2 are g e n e r a l l y  cons ideree  less d r a s t i c  t h u -

3 and 4 .  The v a l i d i t y  of a ssumpt ion  5 is s e m e w b i t  difficult

to assess at th is  time . Howeve r , despi te  these a s s u mp t i o n s ,

the model has been f o w u .  to ne s at i s f a c t o r y  in c a rte  L at in I exp e—
8 5 — 8 7rimental data.

Both the Takayanagi-Kawai theory and th~ Kerner-Christensen

theory are valid for soft dispersoids in h ar d  matrix. It has

been found  tha t  the inverse  case of hard  d i sper so 1L~s in soft

m a t r i x  cannot be adequat ely  represen ted  by these modcls .  Hal p in
- 91 , 9 2  • - -and Tsai have proviaeo a aeneral derivation fo r  an equation

tha t  covers t h e  complete range of modul i . The equa t ion , m o d i f i e d

by L i e l s en  93 ,91 
for hard dinpersoids in soft matrix is:

l~~~~~~~~Ai3 V
M 

- 
d (12)

M 1 — B~- Vin (I

where
iM /M — 1

13 = --
~~
- -

~~~~~
- — --- (13t

I ~



~~~~~~~~~ —:t~~~ ~~~~~~

_

~~~~

__ __

~~~~~
—,

Fr ..
~ f

2t .

A = k —  1 (L4)

= 1 + (l_V
d ) V

d/Vd (15)

k is a general ized Eins tein c o e f f icient , and is a i n s e t  ion

that accounts for the mamixum packing f r a c t i o n , V~ is r~~l a t e d

indirectly to morphology and u s u a l l y  0 . 5~ V~ ~
— 0.9. For i~~ve r t : e d

composites in which the matrix is hard , then

M l + A ’ B ’ Vm 
= 

d 
( l ( )

- 1 — 

~~~~~~ 
Vd

• when

,
Mm/M~~

_ i
_ • 1— 

P /M , + A ’
IL U

A ’ = 1/A

I n c  primes in eqs. 16-18 refer to the inverted system . The

advantage of Halpin-Nielsen theory is that it can take into

account  the morphology of the  two-phase s y s t em .  The E i n s t e i n

c o e f fi c i u nt  is p a r t i cu lar l y  sens i t ive  to the m o r p h o L a r y ,  an d a

list of L t s  values  is ava i l ab l e  for  a number  of d i f f e re n t
- - 94 .morp . ro l og  en . T n - i s  in princip be if the rue up ho I OU~~~ (f a

- 
~

- polymer ic  a l loy is .n own , t hen  the moduli can  t o  c i  l cu l i t e d  by

e i t her cc . 12 or eq. 16.

We have a lread y shown p r e vi o u s l y  t h a t  as t h e  composi t ion

of the po lymer ic  a l loy changes  a ph ase  i n v e r s i o n  may occur  at  a

c e r t a i n  p o i n t .  For such a s i t u a t i o n , N ie l sen  has proposed the

following mixing rules:

log M = V~ m i  M~~ + VL log 
~
1L ( 1 9 )  



~ TI~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

2 7 .

where M
~ and are the upper and lower bounds to the modulus

at a given composition , and V~ and VL are the f r ac t ions  of

high and low modulus materials in the overlap reqion where

both phases are continuous (neither are dispersoids). For

any g iven overall  compos ition V ,

*‘
V - ( l V

aVL 
= (2 0)

V
d 

- (l
~
Vd )

*
V - V

v = i — v  (~~1)
U L Vd

_ (l_V
d)

Figure  17 shows the t e ns i l e  modulus  data  fo r  an SBS t r i b lock

copolymer. The theoretical curve that produced the best f i t

to the data yielded the f o l l o w i n g  va lues :  A= 3 . 0 , Vd = 0.8

fo r  PS d ispersed in PB m a t r i x , and A’  = 0.86 , V 1 = 0 . 8 5  fo r

the inverted case. These values suegest that at low PS con-

cen t ra t ions, the PS domains are e i ther  a qdr e sat es  of about  6

spheres or rods with an aspect ratio of 6 - 10. Both PS and

PB phases tend to be co n t i n u o u s  i n  t h e  r a n a c  of 15 — 80% PS.

Above 80% , PB doma ins  a re  d i sp e r sed  in PS matrix as spheres.

These f i n d t n s are in g e n e r a l  r ar c e m e n t  with  t he  e lec t r o n  m i c r o n —

• cop ic eI s erva t ions  discussed in t h e  ~ui evious sect  lea .

— T e n s iL e  l opert ics

Many of the p o l y m e r i c  a l ] o v s  now in commercial  use n i e

consisted of a s o f t  r ubbe ry  component  and a hard ‘ li a s sy  or

- ‘sem~ crystalline component at a g i v en  service tcmj)eraturL - .

TIn’ tensile prope r t i ‘as rn - f loot t Lh coflipoSi ion  of L be’ polyrn’ r ic

al loys . 98 103 Fiqure 18 sh ows the stress—st r a i n  ~ i v  b r
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of a series of triblock copolymers of styrene-butadiene-

styrene .98 At h igh bu tadiene content , the material can be

stretched to near ly  1,000 % strain. This behavior is of

course character istic of the high extensibility of rubbers.

As the styrene content increases , the stresses are higher at

comparable strains due to the filler and c r o s sl in k i n g  e f f e c t s

of the plastic domains. At 39% styrene , it becomes possible

for  the plas t ic  domains to form i n t e r — c o n n e c t i v i t i e s, thus

there is some evidence of drawing at the low strain regions ,

while the high extensibility is retained. As s vrene content

becomes dominant , there is now more drawing and lower extensi-

bility (more plastic—lhke). At 80% styrene , the SBS undergoes

yie ld ing  and f r a c t u r e s  at low s t r a i n s .

The relation between the t ens i l e  behavior  and the

morphology of the po lymer ic  a l loys  is very i l l u m i n a t i n g .  Kawa i

and coworkers 104 have shown that for a 50/50 dibiock copolyme r

of styrene-isoprene cast from a mixed solvent system of toluene

and meth yl eth y l ketone , one observes y i e ld t n ; and draw i~uj in

the stress—strain curve (Figure 19) . The transmission electron

m ic r o g raph s  in F i g u r e  20 show hijt outside of I h a  U( ’ : iofl W I I C L C

the d rawing  occurs  ( 2 0 a )  , the structure of spherical rubbe r

domains  are e s s e n t i a l ly  u n a f f e c t e d .  At the boundary of the

d rawn region , the re  is ev i d e n c of the e l o n g a t i o n  of t h e

spheres (20b) . The deforma t ion becomes extensive in the te n on

of drawing (20c) . At the outer skill layer of this reaion where

the strain is highest , the domain structures are destroyed ( 2 0 d )

t h u  authors attributed the la t t e r  m o r p h o l o g i c a l  changes  t a t h ~
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heat transformed from the strain eneray , which caused the f l o’.-:

to take place upon stretching.

tinder appropriate conditions of sample nreparation , the

phenomenon of “strain induced plastic—rubber transition ” can

be observed)-05 It is known that for block copolvmers anc1

polyblends , there is a yielding and drawinci rennion in the first

stress—stra in, cycle. However , in second and suhseauent defor-

- 
oq_ ~~rn

- • mations the material exhibits considerable strciar-softeninc .

Figure 21 shows the stress—strain curves of SBS and SBS blended

.‘ith a homopolymer of stvrene at various weiqht fractions and cast

f rom a mixed solv ent o6 totrahydrofuran ar-id methyl ethy l ketone .

“here is a definite yieiclinq and drawing behavior for all hu t

the sample containing 81~ PS which showed r’-acroohase separation .

In these case s, the c1 rawino nrocess occurs with the narrowing

of the cross-sec f iorial area of the sample suddenly appearinci at

one poi n t in th e samp le , ‘*~~ch then grows cortinuously until

the entire sar-role is covered . Such phenomena are similar to

th at in convent iona l  elas tics ,  except that in this inntance the

necked reaions is no longer plantic but rubbery . ~fter the

neckLng t rocess ‘nan nronaqat-od t-hrouahout , the saro le which was

initia ll y elastic no~-: ~s cor’rnletely rubbery . r~ftcr the trans—

formation is romrlete , suhseuuent stress—strain curves resemble

t h a t  of a ru ~~bi ’ r (F la ur e  2 2 )  . ‘~he e lect ron r i icr ogr aph s  in

Ficure 2 3  show t h a t  the re  ~s extensive di s r up t i o n  of the cont i-
• 

. . -nuous polystyrene domains , which may have been t h e  underl yin a

me chan ism of th is  “elastic—rubber transition ’ . If the samolo is

all owed to rest for several days , or annealed at elevated t(m-

per -- i t u r e , th r ’r -  a heal ira e f f e c t ” is observed whereby t he c a r ol  ‘~~

______ 
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returns to the plastic state.

In the industrial processing of polymers , e.g., extrusion ,

molding , etc., the material is often subjected to flows in the

molten state and followed by rapid cooling. Because of the

inherent microstructure in polymeric alloys , anisotropy can

of ten be introduced by such arocessing operatiDns.107 Figure

24 shows the tensile behavior of the SBS block copolymer. For

the sample that has unde rgone shearing at high temperature s ,

the stress-strain curves are quite different for the sample cut

normal or parallel to the shearing directions. The anisotropic

structure was confirmed by small angle x—ray scattering data.

The interpretation is that melt-shearing deformed the spherical

domains in the direction of flow . The elongated domains in the

long i tud ina l  d i rec t ion  can more easi ly  merge w i t h  each other to

result in increased cont i n u i t y  of the polysty rene domains ,

whereas the same ellipsoids will have fewer connectivities in

the transverse direction. This is in agreement with the ob-

served tensile data in tha t  the l o n g i t u d i n a l  sample in f a c t

exhib i t s  hi gher s tress at comparable s t r a i n s  t h a n  the t ransverse

ones.

The mechanica l  p roper t ies  of a m a c r o l a t t i c e  of SBS has
- . 108 , 109 108been investigated. Folkes and Keller used a sample

which is consisted of a hexagonal array of polystyrene cylinders

embedded in the polybu t ad iene matr i x .  The d iameter of th e

cylinders is of the order of 15 nm , and the hexagon al la ttice

parameter is 30 nm. As shown in Figure 25 , the stress—strain

curves of the macrolattice show a decisive anisotropy . The

authors calculated the modul i by a simple Takanayanag i-Kawai.
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model , and found excellent agreement if the long i tud ina l  sample

is represented by parallel coupling and the transverse sample

by series coupling .

Another class of anisotropic polymeric alloy is the

gradient polymer.11° One method of forming a gradient polymer

is to allow a monomer to d i f f u s e  in to a sheet of a crosslinked

pol ymer which is in the glassy  s tate.  The d i f f u s i o n  ra te  is low

in glassy polymers.  Thus when the polyme r is removed f rom the

monomer bath before  an equ i l ibrium swell ing is reached , there

is a concentrat ion p r o f i l e  of the monomer in the polymer . This

prof i le  can be “ f i x e d ”  by qu ick ly po lymer iz ing  the guest  monome r

in the host polymer , and the result is a gradient polymer. Of

course if the d i f f u s i o n  is permi t ted  to take place fo r  a longer

time u n t i l  an equ i l i b r ium concent ra t ion  of monome r is es tab l i shed

throug hout the host  polymer , then an i n t e r p e n e t r a t i n g  ne twork

( I P N )  is formed .  Fi gu re  2 6  shows that purL poly(methyl meth—

ac ry la te )  w i l l  undergo brittle fracture at low strains. When

a grad ient polymer was for med by diffusing methy l acrylate into

the po1y (methyl meth acry late ) , the f r a c t u r e  s t r a in  is inc rea sed

with increasing concentration of methyl acry late. The sarm ’

r e su l t s, however,  are n u t  achieved when an u N  is formed w i t h

the same composi tion (Fi gure 27). It is be l ieved that the

•aradient strucrure may have enabled the po l ymer  to redistribute

t he  stresses so that yielding can occur b e fo re  the  s tresses

L 

exceed the elastic l i m i t  to undergo  fr a c t u r e .

Viscoelas tic Properties

- 
‘ It is now well  known tha t polymeric mater ia l s  in  c e n er a l

exhibit time—dupe n b e n t  iriachan ica 1 pr pe r t  1 es . ‘I’hese m i  t i ’r~~ - 1

--

~
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are considered viscoelast ic  in n a t u r e . The v i scoo las t i c

behavior of the polymeric  a l loys is , howeve r , also very

aifferent depending on whether they are homogeneous or liete-

rogeneous.  For example , we have ment ioned e a r l i e r  tha t  g iven

the same chemical composi tion , some pol ymeric a l l oys  may be

homogeneous and some may be not. In Figure 28 we compare tile

dynamic mechanical data for a poly~ t —methyl styrene-b-styrenc--

U— c-methyl s ty rene )  w i t h  a p o lyb lond  of p o l y s t y r e n e  and poly-

- - lii - . - --nietnyl styrene) . The l a t t e r was p i e p ar - a c  by p r e c i p i t a t i o n

in methanol  of a common bcnzene solution of the two homopolymers.

I t  is oDvious t h a t  fo r  the  polyblend , the rc  are  two d i s t i n c t

t r a n s i t i o n s  at 115°C and 183°C which  are the g l a s s  transition

temperatures respectively ot PS anu  Pa MS . The presence of

m u l t i p l e  loss peaLs , of course , si g n i f i e s  tile presence of phase

separation . The block copolymer , on the other hand , shows on ly

one glass  t r a n s i t i o n  p e a K  at tile i n t e r m e d i a t e  t e m p e r a t u r e , and

is t :n rare  fore  cons idered  homogeneous.

• A ver y  u s e fu l  technique  in tile s t u d y  of v i s c oe las t i c i t v

of po lymers  is the ‘rime Tempera tu re  Superpos i t ion  Pr i n c i p l e. 112 U4

On t i c  basis  of t h i s  P r i nc i p le , i t  is possible  to s h i f t  the

m o d u l u s— L i m e  i s o th eru s  at  a s e r i e s  of t e m p e r a t u r e s  into one

s ingle  m a s t e r  curve . The shift (a T ) data must  f o l l o w  the

W i l l i a m s —h a n d e l — F e r r y  (WL F)  e gu at i on . 115 The v a l i d i t y  of t h i s

Lecu n ique  has be-en  amply demons t ra t ed  f or  a l a rce  number  of

homogeneous polymers. 2~~~14 It has been found  th at s i m i l a r

116 ,117 - -U at a  for S— u’iS~ S block copolyme r s C~~II he shifted into

meaningful master curves. An example is shown in Figure 29.

In ad~ ition , Figure 30 shows I bla t tno shit t 1 ac to r cba ~~u follow

-“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - • ~~~~~~~-- -• - - -~~~ -
-
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- -- J



—

p — • —  • 
—

33.

the WLF equat ion  very wel l .  Thus we have an additionalevidence

to v e r i f y  the homogeneous n a t u r e  of this block copolymer system.

Since the viscoelast ic behavior of homogeneous polymeric

alloys is similar to that of the conventional homopolymers , it

would be of interest to examine the molecular dynamics of these

polymer ic alloys in the light of the theories developed for
113—115 , 118 -homopolymers . The most accepted model is that

• 119 120 - 121developed by Rouse , Bueche and Zimm . The P- 13 Z model

divides the polymer molecule into N + 1 submolecules (beads)

held together with N springs. The springs are stretched when

the polymer coil is dis turbed by a shear g r a d i e n t .  The spr ing

constan t is given by 3kT3/b 2
, where b 2 is the average end-to-end

distance of the subn iolecule .  The preceding express ion  is ob-

tained by taking the submolecule as a random chain which follows

Gaussian statistics. As the beads move through the medium , a

viscous drag is exerted on them whose magnitude is given by a

friction coefficient f. At the cessation of flow , tile viscous

and elastic forces  are equal  to each o ther .  Thus tile C( lU at ion

of motion can be written , in simplified form , as follows :

= O Z x  (22)

H ~ 

— —

W a u r u  x and ~ arc col umn vec to r  of bead pos i t ions  and bead

velocities , Z is the nearest neighbor matrix dnd a = 3 k T ’b 4 f .

In the case of block copolymers ,122 the above equation

must be modified to take into accoun t the fact t hat  not all

the beads arc- the same (as is t h e  case for homopolymers). For
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a triblock copolymer such as po1y (styrene-b-~ -methyl styrene-

b-a—me thyl styrene) , we write .123

x = -

~~ 

D 1Z x (23)

where o~ = 3kT/b~ f 5 , the subscr ip ts  s r e f e r  to the PS sub-

molecule . The matrix D 1 is the inverse  of

11 
a 

N

D = ~A (24)

where 
~A 

U~~f subscripts A refer to PLMS submolecuies. Thus

the e lements  in the d i a g o n a l  of t h i s  m a t r i x  t a k e s  into  account

the differences between t he  PS and lu MS s u b m o lec u le s .

The- solution of the  e q u a t i o n  of mot ion  y~~e L d n  the d i s —

122-125tribution of viscoelastic relaxation times. To compare

with experimental data , maximum relaxation times are determined

from the data in Figure 31 by the procedure of Tobolsky and

128 As seen in  th~ l’iqure , t he  agreement between t h e

Lnu )r u ti ca l  p r e d i c t i o n s  and the e x per i m e n t al  o bs er vat i o n s  is
117 ,127satisfactory .

Although the viscoclastic behavior of homogeneous polymeric

al loys are sim ilar t o  t h a t  of homopolymers , such  systems arc

relatively rare . As we haVe stated that most if tile polymeric
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alloys are in fact heterogeneous , their viscoelastic beh avio r

is expected to be qui te  d i f f erent . ’29 149 In Figure 32 is

shown the modulus-time isotherms for a sample of SES cast

from a mixed solven t system of 90% tetrahydrof uran and 10%
144 . -methyl ethyl ketone . If these isotherms are now shifted

according to the simple Time Temperature Super posi tion Princ ip le ,

it is possible to obtain a viscoelastic master curve shown in

Fioure 33. The reference temperature for this master curve is

25°C. One of normal methods of checking the validity of t he’

Juperposition Principle is to perform separate long term expe-

riments as well as high frequency (short time) experiments to

compare with the master curve . In Figure 33 , the closed circles

are data from the former experiments. 144 The open circle is

H that obta ined  by acoustic spectrometer at kilocycle frequencies.

Both sets of data a p pea r  to agree with the master curve quite

wel l .

Howeve r , it is impor t an t  to recal l  tha t  tile basic tenet

of the Time Temperature Superposition Principle is valid only

if all of the relaxation mechanisn~ are affected by temperature

in the same mar ine r .  2~~~l4 Materials obeying this Principle

are said to be thermorheologically simp le. In other words~

relaxation L I m O S  at one temperature T are r e l a t ed  to the

correspondinc relaxation times at a reference temperature T , by

a constant ratio

1 ( T ) / i .  (T
r

) ( 2 5 )

For heterogeneous systems , the constituent polyme r -i; exi st in 

— --- --— - ---- - --•  -~~~~~
•-— -- --- ~~~~~~~~
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separate phases and must undergo re3axation processes m dlvi-

dually. Such heterogeneous polymeric alloys must therefore

• in general not satisfy the stipulation given by eq. 25 , and

should in most instances be thermorheologically complex.

One anomaly is the shift factor data used in constructing

- • the master curve , as shown in Figure 34. They are clearly

• different from the shift factor data for the homogeneous block

copolyrners (Figure 30) . Only a portion of this curve can be

described by the WLF equation , which is related to the relaxations

cf the polybutadiene phase. The other straight line portion can

be f i t t ed  to the modi f ie d WLF equ at ion of Rusch 130 which is

valid for  re laxa tion of the g lassy region (in our case the poly-

styrene domains) . Other type of interpretations for the shift

- 132 ,137 ,145fac tor have also been advanced by various workers.

• That more than one WLF equation is needed for tu e shift factor

data is an indication of the thormorheolog ical complexity of 
- •

the heterogeneous mat eria l s .  Fesko and Tschoegl 135 ,145 de-

composed the s h i f t  fa ctor of a heterogeneous blo ck copolymer

as follows :

log aT 
= 

~A 
log aTA + n

B log aTB (26)

where and n
B are the weighting factors. A schematic dia-

~j r a m  of the weightinq factors as a function of temperature is

g iven in Figure 35. Tile relatively sharp transition from one

domi nating rel axa t ion  to another  at a given temper atu re r e f l ects

the fact that shift factor data in different temperature regions

can be explain~ J by different types of WLF equations (Figure 34) .

~

• - -

~

- -J



In addition , the excellent agreement between the master curve

and experimental data in the long—time end , wh ere on ly one

• relaxation mechanism is dominating (Figure 33) , is also a

consequence of this sharp transition. However , there is a t

this time no a priori method to determine the weighting

factor illustrated in Figure 35. Thus it is necessary to

emphasize this fact by the broken mid-section of the master

curve in Figure 33.

Another way to understand the thermorheological complexity

of the het eregonecus po lymeric al loys is shown in Fi gure  36.

Here we see that the master curves for a given polymeric alley

are in fact different in shape at different temperatures ,

because tile r e l a x a t i o n  times of the two different phases are

a f f ected by t empera tu re  d i f f e r e n t l y .  However , the exper imenta l -

ly accessible range (whi ch may be called “ the experimental

window ” 135 ) is smal l.  Thus within this window tile neighbori:ia

isotherms appear to be superposable by simple horizontal shifting

along the logarithmic time axis. However , the r e s u l t  of such

shifting would give reason to an erroneous master curve . This

“ forced” shifting is the r eason  tha t  the m a s t e r  c u r v e  it Fi gure

~~ is u n r ea l i s t i ca l l y  wide . It  spans more t h a n  three logarithmic

decades of time , which is twice the time scale covered by the

homogeneous b lock  copolymer  (Fi gure  2 9 )

The thermorheolog ical  complexi ty  of a he te rogeneous  h l ec :

copolymer has bee n d e m o n s t rat e d  by Shen , et.al.~~~
3 The m a s ter

curve was determined by stress relaxation methods in  t l i e  t i . mi

interv aL of 102 - l0~ seconds . By using the well known  m Id -
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1conversion technique s , • - 

the master curve can be’ c o n v e r t e d

into loss tangent data. Then using the empirical shift factors

• 
• (Fi gure 34 )  , the loss tangent  are expressed as a func tion o f

temperature . Now by using the ultrasonic technique at 9 megahertz ,

loss tangent of the same sample was determined over the same

temperature range . If the block copolymer were thermorheological-

1y simple , the two cur ves should superpose as demonstrated previous-

ly for homopolymers. Figure 36 shows that these two curves in

fac t  are quite d i f f erent  in their tempera ture posi tions. Thus

the thermorheological complexity of this material is established .

The e f f e c t  of morphology on the viscoelasticity of block

copolymers has been investigated.133 ’140 The most important

factor to be considered is the connectivity of the domains.

For instance , if the sample was cast from a solvent which results

in extensive interconnections among the hard domains (for in-

stance the glassy PS domains in SBS) , then the modulus  in the

regions between the glass-rubber transition of PB and the flow

region (above the T
g of PS) will be relatively high. On the

F 
other hand , if the hard domains are dispersed in a soft matrix

( the rubbery PB d o m a i n s ) ,  then the moduli  in the same region

wil l  be lower for  the same sample. 133 A lso , the ratio of

storage moduli (E’/G’) in tensile and shear modes was found to

be nearly three for the PB-continuous SBS . This is the expected

ratio for elastomers . However, the same ra tio for the same

samp le which was cast from solvents that render them PS-conti-

nuous becomes more than 30. The anomalously high value is at-
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Recent ly ,  Kraus  and Roilman 149 reported t h e  dynamic

viscoelastic properties of SBS which appears to be in suppor t
• - - • o2 65 ,67 ,68of the diffuse interphasc model of the statistical theory.

A series of block copolymers were synthesized which have ’  the

iden t ical  chemical compos ition , but differ in block lengths.

It was found that the effect of shortening the block length was

to decrease the glass transition loss peak of the PS doma i n s .

The in terpre ta t ion is tha t  the size of the  interpha so d o m a in

increases wi th  decreas ing  block lengths , imp ly ing t h a t  the com-

pos ition of the interphase is asymmet r ic  and PS- r i ch .  Kraus

and Rollman constructed a mode l in wh ich the “purity ” of the

phases decreases with the decreasing block length , and conducted

that the existence of a mixed interphase layer does not

necessitate the appearance of a third loss peak between the

• primary transitions of the pure blocks. The model is in satis-

factory qualitative agreement with experimental observations.

• The viscoelastic behavior of triblock and multiblock

copolymers blended with homopolymers and diblock copolymors

has been stud ied b y a number of work ers. 149 153 Generally

the mechanical relaxations can be readily attributable to

those of the components. The most interesting observations

is the presence of entanglement relaxations in these polybferRzs .

Triblock copolymers, with both end blocks anchored in tile h ar d

domains , usually show no entanglement slippage. Upon addition

of the homopolyniers or diblock copolymers , such s l ippage now

becomes possible. An example of such viscoelastic relaxations

is shown in Figure 37. A mathematical model for SU Ch u n t a n i l i -

- •- - •  - -
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ment slippage has been proposed by Cohen and Tschoegl 150

for the case of triblock-diblock blends , which was found

to be in good agreement with experiments.
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FIGURE CAPTIONS

Figure 1: Effects of varying molecular weights (indicated

by the numerals) of the components on the phase diagram

of the binary polymer mixture. Solid lines indicate

binodal curve s , and dashed lines spinodal curves. 27

Figure 2 : Loss tangent as a func tion of temperature for  block

(solid line) and random (dashed line) copolymers of

butadiene (75%) and styrene (25%).31

Figure 3: Schema tic diagram demons trat ing th e f i v e types of

fu ndamental domain struc tur es in polyme r ic alloys as a

function of changing fractional compositions of the two

44components.

Figure 4 : Electron micrographs 36 of diblock copolymers of

j styrene and isoprene cast from toluene and cut normal

to the surfaces: (a) 20% styrene ; (b) 40% styrene ; (c)

50% styrene; (d) 60% styrene ; (e) 60% styrene , but cut

• 
- in a direction normal to case d; (f) 70% styrene .

-
‘ Figure 5: Electron microg raphs 36 of the d iblock copolymer

of styrene and isoprene containing 40% styrene and cast

from (a)  toluene ; (b) methyl  ethyl ketone ; (c) cyclohexane ;

(d) carbon tetrachioride; (e) n-hexane ; and (f) n-heptane .

• Figure 6: Electron micrographs of the triblock copolymer of

styrene and butadiene (SBS) containing 28% styrerie and

cast from a mixed solvent of tetrahydrofuran and methyl

• 

ethyl ketone (a) pure SBS; (b) 

T 

blended with low 
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molecular weight polystyrene ; (c) SBS blended with hig h

molecular weight polystyrene ;5° and (d) SBS blended with

high molecular weight polybutadiene .48

Figure 7: Electron micrograph 52 of “ macro la ttice” of diblock

copolyme r of styrene and bu tadiene (68% styrene) and

cast from xylene.

Figure ~3: Schematic diagram demonstrating three types of

fundamental domain structures and molecular arrangements

within the domains for diblock copolymers. 64

Figure 9: Schematic diagrams demonstratin g three types of

fundamental domain structures and molecular arrangements

wi thin the domains fo r g r a f t  copolymcrs. 64

Figure 10: Schematic diagram of Leary-Williams model of domain

formation for triblock copolymers (for rods or spheres).
62

Figure 11: Changes of relative minimum free energies of three

type s of domains (spheres , cylinders or rods , an d lamellar )

with fractional composition of block copolymer compo-

sitions. 64

Figure 12: Cross—polarized photomicrographs of a ser ies of

tr iblock copolymers of ethylene ox ide (EO) and isoprene

cast from benzenc: (a )  pure PEO; (b) block copolym er

1 containing 74.6% EO; (c) block copolymcr containing 67.4%

EO; and (d) block copolymer containing 52.4% EO.

Figure 13: Electron micrographs of t r iblock copolymers of

ethylene oxide and isoprene cast from benzene and stained

with osmium tetraoxide : (a) 74.6% EO; (b) 74.6% HO but

shadowed by Pt—Pd; (c) 67.4% EO; (d) 52.4% EO; (e) 14.0% HO;

and (f) 8.8% EO.
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Figure 14: Schematic diagram demonstrating the domain

formation and molecular arrangements within the domains

79for a semicrystalline block copolymer.

Figure 15: Replica electron micrograph ~ of segmented co-

polyester of tetramethylene ether glycol terephthalate

• 
(PT ME GT ) and tetramethylene terephthalate sequences (4GT).

(a) 54% 4GT; (b) 4GT; and (c) 81% 4GT.

Figure 16: (a) The schematic diagrams of the two-phase mixture

on the left hand side are represented by the equivalent

model on the right hand side ; (b) Mechanical models used

for calculating the modulus of the equivalent models in

(a). 82,83

Figure 17: Young ’s moduli of a series of triblock copolymers

of butadiene—styrene-butadiene as a function of their

volume fraction of styrene content. The curve was cal-

culated using eq. 12.

Figure 18: Stress—strain curves for triblock copolymers of

~ 
styrene-butadiene—styrene of various styrene contents.

98

Figure 19: Stress-strain curve for the diblock copolymer of

styrene—isoprene (50/50) cast from a mixed solvent of

toluene and methy l ethyl ketone.104

Figure 20: Electron micrographs for the stretched film of

the diblock copolyrner of styrene—isoprene (50/50) cast

from the mixed solvent of toluene and methyl ethyl ketone .



- 
•

p ——--------—--- ---- — - - ---- -——----- • —- • -• -

56.

Samples were cut normal to the surface but parallel to

the stretching direction at various points of the sample

as indicated .104

Figure 21: Stress-strain curves of the triblock copolymer of

styrene—butadiene-styrene and those blended with various

amounts of homopolystyrene and cast from the mixed solvent

of tetrahydrofuran/methyl ethyl ketoneJ05

Figure 22 : Electron xnicrograph of triblock copolymer of

styrene—butadiene—styrene cast from tetrahydrofuran/methyl

ethyl ketone , stretched to 500 % and stained with 0s04.

The strain was recovered to 200% at the time when the

photograph was taken)06

Figure 23: Cyclic stress-strain curves of the triblock copolymer

of styrene-butadiene-styrene cast from tetrahydrofuran/

methyl ethyl ketone.106

Figure 24: Stress-strain behavior of a molded and sheared

triblock copolymer of styrene-butadine-styrene in the

longitudinal and transverse directions of flow)07

1~~• Figure 25 : Stress—strain curves of a macrolattice of triblock

copolymer of styrene-butadiene—styrene in longitudinal

and transverse directions of the cylindrical domains.1°8

Figure 26 : Stress-strain curves of poly(methyl methacrylate)

and gradient polymers prepared from diffusion polymerization

of methyl acrylate in poly(methyl methacrylate).11°
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Figure 27: Stress—strain curves at various temperatures of

interpenetrating networks of 20% methyl acrylate in

poly (methyl methacrylate) and gradient polymers of

comparable composition .11°

Figure 28: Dynamic storage moduli and loss tangent of a 1-1

• polyblend of polystyrene and poly (ct—methyl styrene) and
- - 111a diblock copolymer of the same composition .

Figure 29: Stress—relaxation isotherms and viscoelastic master

curve of a tn block copolymer of styrene- cP-methylstyrene-

styrene containing 5% cx—methylstyrene.116

Figure 30: Time-temperature shift factors for a series of

triblock copolymers of styrene- ct-methylstyrene- styrene ,

containing 5% up to 6S% ct-methylstyrene (Samples A to E)

~nd for a triblock copolymer of cx-methylstyrene-styrene—

ct-methylstyrene containing 27% •-~-methylstyrene (Sample

Figure 31 : Maximum relaxation times , reduced by that of pure

polys tyrene , for block copolymers as a function of compo-

sition . Open circles triblock copolymer of styrene-a -

methylstyrene-styrene ; Closed circle diblock copolyiner of

styrene- -~-methylstyrene ; Triangle : triblock copolymer

of ~-methylstyrene-styrene-ct-methylstyrene. 
117 .127

Curves were computed from theory.123

Figure 32: Stress—relaxation isotherms f a triblock copolymer

of styrene-butadiene-styrene (Krato -~ 1101) cast from a

mixed solvent of tetrahydrofuran and methyl ethy l ketone .~”~
1 
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Figure 33: Viscoelastjc master curve obtained by simple

horizontal shif t ing of the stress—relaxation isotherm s

in Figure 32. Filled circles are data separately deter-

mined by stress-relaxation to long times. The open circle

-
- 

• • 

is the value measured by acoustic spectrometer at kilocycle
- - 

-

• frequency .’11

Figure 34: Time-temperature shif t  factor data for  the triblock

copolymer of styrene-butadiene-styrene (Kraton 1101) cast

from a mixed solvent of tetrahydrofuran and methyl ethyl

ketone .~~
11

Figure 35: Schematic diagram of the weighting factors for the

time-temperature shift factors of a heterogeneous material.135

Figure 36: Loss tangent as a function of temperature for a

triblock copolymer of styrene-butadiene-styrene (Kratori 1101)

cast from a mixed solvent of te t rahydrofuran and methyl

ethyl ketone. Filled circles are calculated from the master

curve in Fi gure 33, and the broken line is the ultrasonic

data.143

Figure 37: Loss modu].i as a function of frequency for a branched

block copolytners (SB) ~~ and its blends with polybutadienes.

Numerals designate the molecular weights of the homopolymers

(in thousands). All polyblends contain 33.3% of PB, and

solution cast from toluene. High frequency data were deter-

• mined by dynamic mechanical measurements , and low frequency

by stress-re1axation .~~
53 Broken line indicate extrapolated

data . 

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~~~~~~~~~~~~~~~ --~~~~~~~~~~~ - • - •



• ‘  p • - • —- 

6~ f.

- ,
~-,, I

300 ‘I I  II I!
-

200 / -

\ 
/30,000 

—

‘— 100 ii ~i
1 / -

‘
I
i I -

HI I
O - ~~ 1 /  -

/~ I
I ~~ /50,000
I I

~4J4I_
~80~000

— 100 ~~ I I

0 0.2 0.4 0.6 0.8 1.0
VA



10.0 I I I

Block
Random

0.01 I I I I
-1 20 -40 40 120 160 

j

T (°C)



SPHERES CYUPIDERS LAM ELLAE CYLINDERS SPHERES

Increasi ng A - Con~.nt .

D.c r.asi ng B - Con~.nt

IL ~~~~~~~~~•



_ _ _ _

—

t -~

~~— I ~
t -~~~~~~

I ~ I I I ~ ~ 11 ~ £ ~~~~~~~~~~~~~~ ~~u ~ ~‘ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
- 

.~ ~ 
• S S •~~~ ~• • .~~

S • •% ~ ~~ 3 %

~L ’ 
.~~~~~

• /50 s~y-isop - ~~- - •  - : ~~~ • . I

— - 
.. .. . - S e•• 

~
.La_

~~~*~ ~~~~~ — — — — ..
- ~~•..- - . • ~~~~~~~~ 

. 
~~~

_.._i
~
._____— •

• 
..i ~•..

.
.
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ •~ 
- 
— (

:- ~~~~~~~ C
—~~~~ 

• .~~~~~~~~~~~~~~ 5 i - - - -~2~. • 
- -

- ~~~~~~~~~~~~~~~~~~~~~~~~~ C~ )
* 

C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ • 

~~~~~~~~~ 
(

c~)
- . ‘5 .. —

~ ¼11 ,_. Q S5 I

~~~~~~~~~~~~~~~~ 
S 

~~~~
- - - :~ 

f )  ( - ~~
-
~~, 7~/3O ~ t y -  i s o p )

- L~4



--  --~~~~~~~~~~~-~~-~~—
-- -• - - - - ----

~~
-—--

pur 
- 

,-

~~~~ 
,
~~~~~~~~

F

5 ~~~~~~~~~~~~~~~~~

-

~ ~~~~~~~~~ ~~ ~~i~~~ -~
_ _
~~

~v 1~ 1~;:~S~1& 

~
t_
~ ~~~~~~~~~~~

C i

F

— ‘ — p . p p  — _
~: — . 1_ Il, , — - ,



rw_T_ 
;~

_

~

_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—- -• 

~

__

__ _

___ •_____

•_‘_ .
~

_
:I_ —-• 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
— - -.---—-—.—--..--.------,-- - -,-• --- - - • •

p 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 

- 
:~~~

~t t )  

~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~ ~

/ 

~
‘

~~~~~~~~~~~~~~~~~~~~ ~ ~%:fr~’(M ~

.
~~
.i, 4t t 

4~ \ ~~~~ 
,,

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,

~
, 
,• 

~ 
I ~~ ~

-
~
4., v-

_
~~ ’~~

_ 
~~~~~~~~~~~~~ ~~~~ ~ 

-, 
~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

‘
~~ ~~~~~~~~~ 

- - • - - -
~~~~~~~

-
~~i.~~~~~~~

-- -
~ 

-

3

— 

~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ 

i—__________________

• — , - 
• p~~’- ~~~~~~~~ 

- 
~~~~ ii ~- ; -~~~~

-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~- ~

v_•
~ * ~~~~~ 

1~~~~_ ~~~~~~~

- 

M ___________

I • ~~- -• — -_ _p
_- —. - - • - - - • - • - -.-— - • -~~ ~( ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

- ~~~~~~~ ~ ___

-

- 
- 

I - _ _ _ _ _ _ _ _ _ _



- - -
-- - - -- - -~~~~~~~~~~ -~~~~~~~~~ - - - - - 

--.- --- - - - - - -~~- — - --~~~~~ -

— , c

I’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~11~ C( If U (Y.’~.. - —

~~~~~~~~~~~~~~~~ 
-

- 
- 

- 
~~ - -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~4 
-

‘
c~ 

—

- 

~~~~~~~~~~ 

I I

p - ~~~~~~~~~~~~~ 
~h - - .

- - 

- 

.

.

.

~~ - ~~~~~~~ ., • : 4 ~~

- ~~~ 

S 

-

~ . ;~~ 
.p~
,.. 

~~~~~~~~~~~~~~~~~~~ 
- 

~. ~
- 

- - .

~, ~~~~

‘ 

~~
. .~~i ~~~~ 

p

~ 

r

- ‘ .~~~ ,- . ., . -~ 
;_ _ ,I ~~~~

• . 
- 

p 

~ ~~~~~~~~~~~~~~~~~~•.J~ ~~~~~~~~ 
-

~: •
•

~~~~~:~ ~~

-‘
- (

S - 4

—5., .

Li



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~
rv..-.. . •• S • ••• .. . .. .. .. . . . a... . • .• • • S•• • •  ~
. .• •• Øi~.~•• •.. S~~~ •I ~~~ ~~~ • • • • S • 5*

... .. ..*.* .. .. S••• .... ... ...s.. ...... .... .

, . .. .• • •• • •• • • •• • •• • •. ••• .1 . . •.•• • •...
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,... .,.. ..I .e•... ..

. .. •••••• .••.•
5• •  S 0 5

• ~~~ ~ ~~
4S•••~~• ~~~~~~~ .~~~~~~~~~ ~~~~~ •*~~ • S••••~~~•Ss• SO S••.s••

i~~l•  
~~~~~~~~~~ 

.,S,.*•*S• •• •• •••~~ ••••. ..... ~~5 ..s ••••es*

~
2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •.00*s•*••S

.••• •~ 
... ••• e... ........ ........I... 0 S • e • ~~~•ø *5155*55 

-

-
• 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ .S•S•• ~~••~~•.•.•• - øí..••S•ll0SI ••• ~~~ •~~~~•,l•il.. sos o *.,. .. . ... s..s s.s

S. • 5 • • 5 0 5 . . S 5 0 S S I l 0 ••••*~~••••...*.5.Q.S5. S.010 •l... ,.... .... . .••I•s•s••••l• **S••$S• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o.l••S6

• • *• •• • • •. •~~•.• 5.• 55. • ••. .•0.•• 5 •• SI •5 . •. • I I 04 I • ••S *..p....

II • • *.
••• •S. •• • • .5 5•••• •I••4 • .•• .•~~••~~•• 05 5 0 *0 S• *• S•

..•

• ••. S S•S• S.l4*l.S~~ S5~~ •• ••S 5S. •.•S 1*5* ~ 5 5 .... ..S S*

,...........5.•.•....,000..... ,......*. .S.... ....... ..•,

,, ... ..I.S5•*,•01•0555 •.•S.S. ...e..4... SS.S.........•5S5l

.....ISS5SISS**•••1•SSlSSI0.•..S.e..I.oiS...0s.S.IIlS•**S

•• • •• •• ISIS. *45*55 5 5S5 * 5$ • S~~ S 555~~ 5S 5 545 5 55 5.5 S•• • •5 • ~ .
~~~~

I

•I..5$,S0S*5I*•SlSlSS5l*SS~~05....S. 5I 5*0 5  .•e• *5

.5• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S 4* .I•55Sl •

• • 5* ~ 5 ~ •~ I 5 5••• •.•ISII •5S 554k ~~~ ~ ~ $ *5~~*~~ *555 OS S • 54*5 * ~
..I.SSSS’1.5* ’5.S,. *S,..’... .$..I**s .*..*....s .*S.•••*h”*’
*1  
, ~ ~ ~ ~ •• ••, •• S S••• ••* ø• .*• S S 5* .  $ S $•  • .0.555~~ 5 SO SS  ~~~ ~~~

•.S0011*•1•05•I•SS$S•S$*0•.5.S*...5SS510S**I..SbO*•I

...,SSSSI555S•SS *S5*S*... ,..... ..... ,t.. .,... ,...I44.. ~~ ~~ . ~~ ~~~~• • • ••• • • •• • • • • • • • • es .- ô. -

.OSI500S*555515*151*5500. .........**S..5. ....8$550

..S0SIS0* *0500 *S5*S05S.,... .....,.... S.., ...... ~~~~~~~~~~~~~~~~~~~

•~~e 550 0555 .o..S*.l. *ss•••~~ ••~~••,... •.~~~ o•*.•ss••S ~ ~~~

••5 155 05555*05 5 5* 5• ess* .. 5 55 5• ~~~~ ~~~~~~ 5 I S
••s SS•Is• 5 5055 5555 ** ~~~ • • ~~~~~~~ ~~~~~~

• 
**S~~~~•~~~~*5~~•S 5 • S S 5 S u S S 5 5 5s s s s s s e  • ....S .*,....050
* •• • •  ~~ ~ ••~ • •e ~ ~~S~~~•uS S S ••S • * I S •~~ ~~~~~ 

5 .

u s  I I S•5 05S 0S5~~~SS 
S S

• • S S SSSS • ~ S I S S 55• •S•I 5 . . ~ * so so . so •I•S 0 s e s  ~

I • ~~ ~~~• • • ~~lS *•5 s . . is I. S •5 IS•• . s S i  I S 1
••.,S....,.S.SS.,S...,.,,•.....$5,.,,...... s 5s ~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• ~ 555.. •0 •II ••~~ 5• *5 *** S S •5I eS S SI 5 5 5 5 5  5.55 5 5, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • • S
,I•0•SSI• SSIS••SI SSSS.. ..,.., .,..s. ..~~~~~~.

• ~~~•s~~ ss•s•••• 0 5* 5 5 5* .  S S S s 5 s SI S  S S S I 0 S Ss  s s O S jA 

~~~~~~
5555* 5 SIS ISO • 5 • 5 55* *• • SO S O  5 0  S I 55  5 0* 5  5~~ 5 5  5 5  5
...05I0IS• 5005555’SS5•S5S..s*.*S5. ~~~~~ u • 5 5 5

,.. I . l* , , SS I S S IS I S S 5 0 0 0 S 5I 0 5 0 5 5 . SS I S . * . .S S .. -. e . . . . 5 . . a . l S O 5O 5 5 5 a s~~~ 5 . 5* 5 5 a• 5 . .  . •. . •

- --~~• - . - -~ ~ --- -- •- • - - .. -~~~~~ -- - - -  — -  ~~----



_ _ _  

- - -.5

~~~

_ _ _

~ii 11711111

-5’ _



- ~~~~~— —~~~~~~—
•
~~~ -—~~~~~~~~~~~~~~~~ - ---——- --— -.— -. - - - • -

~~~~~~~~

I /
I /

,
/ ,/

‘

~~~ 

/

~~~~~
1
~i~

HH



r~ 
- 

,- - - - ,-• --—- --•.•-—-- ----•-.•.----,-- .— -- — —•—-.- - -— -

~

-—  -,---. • — -.—-—-,•.---—• —.---—-‘

~ 

—• --•--- -• • ,-—

p -
~~~~~~~~~

—-  —- •-- • 

—

• _

_ _ _



—
~

“-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.-~~-------- -~~~~ -~~~~~~- --------——-

r— r - - ..- -

/ /

~ (.0
Lamella 

•
/
,
/
/
‘

- 
Sphere -.._~~,”,/ -

- •/,~“Rod -

I” -

0

~

5

://11 _ _

,/Sphere Rod 4LameIIa

0 I

0 0.2 0.4
Weight Fraction of A

~

•. ~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~~~~~~~~ •~~ ~~~~~~~~~~~~~~~~~~~~~~~~



_

;

_____

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Lj ~~~~~~~ _  

_

~il ~~~~~ I ~ _ _  

- 

.• ;  
-

~~~~~;i _~~~~ r:~ ~~~~~~~~~~~~~~ •~~~ • S -
. 

• 
- -:

r •

~~~

- 
- - - — 

• 
- 

.~~~~! ~~~~

4 

-

~~ 
- 

-

- 
.— ~~~. .-. 

.~~ ~~~~~~~~ .~.- ____

5
,. - ‘  

- 
_ _

I - _ _ _  _ _ _

t~
I -v 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
1

/
A

~
I 

___ 
I.

‘V 

~~~ _ _ _ _  -~~~~~~~~~ 
, ~~~~~~~

•

~~~~k~~~~& 
‘z

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 

- 1 _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~ - - --- -- -
~~~ 
-- • - •-



r~ 
~~~~~~~~~~~~~~~~~~~~~~

- . - - I’:- — - :  • . - .- . — - - ( .. ~1 S - S - - —

~~~~~~~~~~~~~~~~~~ ~~k~~~~ 4
‘~~•c~ -~ 

&~:i ~~~~~ ~~~~ _______________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘:ZZd?2~ -’

Ss ,; ~~~~~(j  ~~ •~~~~~~~~~~~~~L L~L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(~~~ i 
~~; . : - 4  E -~ I~ / E ~~

~

• e u - : . ’ - •



_ _ _

F- 

— ‘l

• ~~~~~~~~~~~ ~~~, ‘. ‘- 
,-. 

~~
.. I “ \

-.
-- ..• 

.-....
‘ \ 

(
~cK LL~~1~I ‘

. N \ ‘

p.. \p. \ ~ 
p..

* \
S• \ “ •

‘ — —p. \*• ..•.. I
_
’\ 

•

~
•
\ N \_ ) /~ ‘\ \~ 

~~ 
\__ ) ~ ~~ 

‘.~~
p.. 

.% p.
’ — \. ‘p. 

‘ .. “pp. p.. p. .
‘ p.

’—~~ ‘p. 
p.. ‘ — p... , II . ‘p. “ “ ~ I ‘~ p. \ .~d



P

-

-

~~~~~~~~~~~~~~~ 

•

- ••4~~
—p.

0

5 • _ _
‘I

_  

•

~1

_ _ _  

• 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

~~~ 1 L : ~’~~ ~~~~~_____ - 
p
.

;~ 
p

-
• 

____

I 5

.-
~~~~~~~ •!:~~~~~ ~~~~~

•

- 

•p.

H



(a)  I. •s • •• •
p. 

_ _ _ _  1
L~~Z.L I

~~~
S x ._~qp

_ 41] ~~~~~~~~ 1:
T

(b )  
_ _ _ _ _ _ _ _  _ _ _ _ _

~-~ii___  ~ i l-~~ ~

~L~1L~ d_
_ _ _ _



~~ 

~
I I I I 

—

4 SBS
1 0 -  -

/

• Experimental
10 - 

_ _ _ _  Calculated 
- J

,c 0 I 1
0 0.2 0.4 0.6 0.8 (.0

vPs

F 



- -  - -- --~~ -~~~--- —~~~~~-----• - - •  —-- ~~~- -••

—
P 

—
~~~~~ 

- ___7

300 I I
80%

~j ;~- i o

/ 29%,
SBS / /

53%f I I
200 -

E
C)

65%
b 100 - - 

-

13%r 
~~~~~~~~~~~~~~~~~~~~~~~~~• 

0 200 400 600 800 ( 000

(01E 

~~~~~~~~~~ • • ~~~~~~~~~~~~



—-—- - --- - -—p.——” ~—w_-~_ -• -- - - -.- --—--- - — — --—-- •

F. 
-S.

! :�~~~

_ _ _ _!
~
1
~
!i2i1

~- - —~~~~~~~~ - ~~
- - - • -

(I)

_ 2 O ~~ — - -- -— ~~~~~~~~~~~~

4)
I—

4-
(I) o 

- -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
,-- _ _ _

- I

1 _
(~
W
~~f b) 4 ) SS5J~S 91!SU9J.

- -



____ -

__ 
_  -

• ___ -,-- . S __

_  

-
* 5~~A 

____  

- -
~~____ 

- - - 
p 

~~~~~~~ 
- 

-

• - 
~~~~~~ J

~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~

$
~~T~~~~~~~~~ T

• 
~

- - -~~~~~~~~

$



p..

0
- o

\ U~)

z
0

• 0 0  0
(.0 ~

. - \
\ 2

0 0  \ 0 c_)
N”) N) \ C/) \ N”) 0

0’ a3 ‘ — 0
(I)  (I) 

~‘j~ 
(/) \ C/) u_i

0.. 0~ —..
~~ 

0_
p...... 

_••% ~‘ I ...... .....
(I) U) 01  Cl) LL

c~ I 11A.)
(I) Cl) (1) 1 C!) I— 

0

a 1  - 0
N

(1) 1c o l

0
-;

I I I — ---- 
0

N5) N —

(~ w 3/S9 uIcp 
~01)-°

— - -~~~~~ —- - - -- - - - - -~~~~~~~- - -  -•-



p — i

L~. 
- 

-

~~~~~~



10

______SBS 649

- ‘0-p 

~-I—/--~ —±/-- - - - -

I I  /

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~IN /
il~10’ tiL~.. J.J I I

p.
. 

1.0 20 30 40 SO 60 7.0

Extension Ratio

- ~~~~~~ • • •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~•~~~~~~~~~~~~~~~~~ --



~

— 

I 

_
, , , S

50
Sheared SBS

4 0 —

Long itud ina l

30-
—p.

E
C.)

p.....
a’-~ c_ ‘~/ —

S

b -~~ ~
““Transverse

/
/

(0 
,
I —

‘
-
S. 

~

-

• 

0 —  I I
I 2 3 4 5 6

x

~



_ _ _  
_ _ _  

- -

5-

.•

5 - I
SBS

Macro lattice -
E
C.)
U)
a)

~~~ 

: z Longitudinal

Transverse —

0—  L_ I
0 2 4 6 8 10 (2

E

~

--

~

-
-

~

-- -- —-- - - -— --•-• •



0~i

• 

ii 
H 

-
~~~~~

0

(
~P43 / s 3N A a go I) .O

—--- - --
~~~~~~~~~~~~~~~-



— I )~~
— 

I 1 0

8 0 0 0

~~~~ 1



~~~~~~~~

- _

;

--- • - -  

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I ‘

.
I

~
_

I ‘ I I I ’

p. 

p

Block I \ — i ~~ ~-

10 

—-— —-Blend

/

4*\
~~~~~

/ 

\ _ i~
8

100

i I i I i

60 100 140 180 220
T (°C )

I’

- I  

---• - _
~~-- —-~~~ •• - — - — - - - - -



r~ ;~
- — -— -- - - - —--

‘: 
~~~~~~~~~~~~~~~~~~~~~~~~ 

I 

~~~~~~~~~~~~~

\
.
~~
‘ 103

2 

~~~~~~~~~08.5

:~~~~~~~~~~ :~~~~

‘

log t (sec)

_ _ _



I I I 1 1 1

6 — 
_____ WL F for Polystrene at Tq (100°C) —

- 0 Sample A (Iref~~
Ql °1

~ -
0 Sample B (Tref 105°C)

4 — 

• Sample C (Tref 112 °C ) — ‘ -1
- A Sample 0 (T~ f ~h l8 5°~

~ Sample E (Tref (25°C)
2 — 0 Sample F (.Tref 16°C ) —

I- - .o
-

o
- -

-2 — -

A

-4 -  
~ A -

-

- 6-  
A

—8 I 1 I I
—1 6 -8 0 8 16 24 32 40 48 50

T T ref (°C )
S

I

-- — -



- ,

I I I I —

2 -

0

\
SAS

E

0’ ° SA
0 •~•••• .

0
0

0 -  -

I I
0 20 40 60 80 (00

Weight % Styrene 
•

•-~~ —-- ~~ —•— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

p • 
—

• :

I I I I

I I  — Kraton 110 1 —

(THF-MEK cast )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~(080

- 101°

~~

p. 

- 

I 0 — 

A
_A _A~~~~~~~~~~~ 

—

35°
450

8 - -

- 

~~~~~~~~~ 82° 
-

.
5
, ~~FIexura l

6 — 0 Tensile —

I I I I I
2.0 2.4 2.8 3.2 3.6

Log t (sec )

/

, • — / 

—_ —-~~~~
- —- - -

~~~~~~~~~ - _ _



I I 1 
0

C-)
N”)

- — L()

c

- 
/ 2 L ~. -

~~~~~~~~~0 —

‘S
/ 0

~

_
I I

2
(~~W3/S8U~~P) (4 )~~j  boi

-p —
p
~~~~~ -‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~ - —____________________________________________________



~~ kDeAO37 240 CALIFORNIA UNIV BERKELEY DEPT OF CHEMICAL ENGINEERING FF6 7/3
PROPERTIES APC STRUCTURE OF POLYMERIC ALLOYS. (U)
FEB 77 N SEN. H KAWAI N0001’i—75—C—0955

UNCLASSIFIED TR—II it F
2 °~ 2 

R L M E D  

I



•~-:~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

~~~o~~~~~~~c ’ J w o~~~I I — — C~J ~ j

1D 601



I,
r~~

p 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

______ - 

~~~~~~

. - -

~~~~~~~~

.- -.- - --.,--___

I

~ii~’i.Temperature

I-



_ _ _~ ____ _ _ _  _ _ _ _  
_ _ _

• ,)

c~Jd
1 1 I

I
I
/

/ 0
—

4 0
‘I

o
-~~~E

W N 4  0.
Ei2 ~~~~~ 1 I—

I
/

— I ,  , — o
0~~~~~~

ii:.
_ _ _  .~~“



(SB)
i i  —

--7
~~~~// H

$ I
) I -

~~
—

~
“ / #

I J IIL -..---_ .-‘
~ / H

/
6 -  -

Reference Temperature: 25°C
5 I I I I I
-5 -3 -I I 3 5 7

Log WO T


